






&RQGLWLRQV RI D VLQJOHVWDJH FKHPLFDO ELQGLQJ RI K\GUR[\TXLQROLQHPROHFXOHV WR WKH
VXUIDFHRILQRUJDQLFPDWUL[XVLQJRIWKH0DQQLFKDPLQRPHWK\ODWLRQUHDFWLRQDQGDGVRUS
WLRQ SURSHUWLHV RI VR REWDLQHG FKHPLFDOO\ PRGLILHG VLOLFD ZLWK UHVSHFW WR LRQV RI WR[LF
PHWDOV KDYH EHHQ VWXGLHG 7KH V\QWKHWLF PHWKRG SURYLGHV D KLJK FRQFHQWUDWLRQ DQG D




PHWDO FRPSOH[HV ZLWK K\GUR[\TXLQROLQH LPPRELOL]HG DW VLOLFD VXUIDFH E\ (65 DQG ,5
VSHFWURVFRS\ WHVWLI\ WKDW WKH PHWDO LRQV DUH FRRUGLQDWHG ZLWK ERXQG OLJDQG WKURXJK
QLWURJHQDQGR[\JHQDWRPV
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VHQLF9 PRO\EGHQXP9 ,9 DQG RWKHUV
7KH R[LQH PROHFXOHV ERXQG WR WKH FDUULHU
SRO\PHUVVLOLFDVPHWDOR[LGHVVXUIDFHVUH
WDLQWKHLUFRPSOH[LQJDELOLW\ZLWKUHVSHFWWR
PHWDO LRQV 6XFK LPPRELOL]HG UHDJHQWV DUH
XVHG VXFFHVVIXOO\ IRU FRQFHQWUDWLRQ DQG
VHSDUDWLRQRIPHWDOLRQVIURPDTXHRXVVROX
WLRQV >Ü@ 7KH R[LQHFRQWDLQLQJ SRO\PHU
UHVLQV DUH FKDUDFWHUL]HG E\ D VLJQLILFDQW
VRUSWLRQ FDSDFLW\ DQG D KLJK HIILFLHQF\ RI
ZDWHU SXULILFDWLRQ +RZHYHU VXFK SRO\PHU
DGVRUEHQWV DOVR KDYH GUDZEDFNV VXFK DV D
KLJKVZHOOLQJDQGORZVRUSWLRQUDWH,QFRQ
WUDVWVLOLFDPDWULFHVZLWKLPPRELOL]HGK\
GUR[\TXLQROLQH H[KLELW JRRGNLQHWLF SURSHU
WLHV EXW D ORZHU VRUSWLRQ FDSDFLW\ 'XULQJ
)XQFWLRQDO0DWHULDOV1R Û,QVWLWXWHIRU6LQJOH&U\VWDOV
)XQFWLRQDOPDWHULDOV 
WKH LPPRELOL]DWLRQ SURFHGXUH LW LV RI LP
SRUWDQFH WR UHWDLQ WKHSURSHUWLHVRI WKHUH
DJHQW FRPSOH[LQJ JURXSV 7KDW LV ZK\ EH
JLQQLQJIURPWKHILUVWZRUNE\+LOO>@WKH
K\GUR[\TXLQROLQH ZDV ERXQG WR WKH VXU
IDFHXVLQJ WKH D]RFRXSOLQJ UHDFWLRQ LQWUR
GXFLQJ DPLQRFRQWDLQLQJ DURPDWLF FRP
SRXQGV GLD]RWL]DWLRQ DQG D]RFRXSOLQJ
7KDWPXOWLVWDJHSURFHVVUHVXOWVLQDKHWHUR
JHQHRXVPRGLI\LQJOD\HUDQGORZFRQFHQWUD
WLRQV RI ERXQG R[LQH PROHFXOHV $WWHPSWV
ZHUH PDGH WR LPSURYH WKH VLWXDWLRQ XVLQJ
R[LQH GHULYDWLYHV FRQWDLQLQJ DGGLWLRQDO IXQF
WLRQDO JURXSV WR ELQG WKH UHDJHQW WR WKH VXU
IDFH RI XQWUHDWHG RUPRGLILHG FDUULHU >Ü@
2I JUHDWHVW LQWHUHVW KRZHYHU LV WKH XVH RI
0DQQLFK UHDFWLRQ WR LPPRELOL]H K\GUR[\
TXLQROLQHDQGRWKHUSKHQROLFW\SHDQDO\WLFDO
UHDJHQWV >Ü@ $V LV VKRZQ LQ RXU SUH
YLRXV VWXG\ >@ WKH VLQJOHVWDJH DPL
QRPHWK\ODWLRQUHDFWLRQFDQEHXVHG WRELQG
R[LQH PROHFXOHV WR D VLOLFD VXUIDFH 7KH
PDLQ SXUSRVH RI WKLV ZRUN LV WR VWXG\ WKH
DGVRUSWLRQ SURSHUWLHV RI VXFK VLOLFDV ZLWK
FRYDOHQWO\ ERXQG K\GUR[\TXLQROLQH ZLWK
UHVSHFWWRWR[LFPHWDOLRQV
+\GUR[\TXLQROLQH PROHFXOHV ZHUH
ERXQG WR WKH VLOLFD VXUIDFH XVLQJ WKH





PJ 0HUFN SDUWLFOH VL]H Ü
PPZDVXVHGDVDFDUULHU$ZHLJKWHG
VDPSOH RI K\GUR[\TXLQROLQH  PJ
PPROZDVGLVVROYHG LQÜPORIHWK\O
DOFRKROXQGHUDPLOGKHDWLQJ7KHQWKHYRO
XPH ZDV LQFUHDVHG WR  PO DQG  J
 PPRO RI SDUDIRUPDOGHK\GH  PO








WUXP RI WKH PRGLILHG VLOLFD KDV EHHQ UH
FRUGHG )XULHU WUDQVIRUP ,5 VSHFWURPHWHU
1H[XV7KHGHJUHHRILRQVDGVRUSWLRQRQ
VXUIDFH RI WKH VLOLFD ZLWK FKHPLFDOO\ ERXQG
+\GUR[\TXLQROLQHZDVFDOFXODWHGE\WKHIRO
ORZLQJ IRUPXOD 5 PDGVPR ZKHUHPDGV LV DZHLJKW RI DGVRUEHGPHWDO DQGPRLV D PHWDO FRQWHQWV LQ WKH LQLWLDO VROXWLRQ
7KH YDOXH RIPDGV ZDV GHWHUPLQHG E\ VXEWUDFWLQJWKHPHWDOFRQFHQWUDWLRQLQDQHTXL
OLEULXP VROXWLRQ DIWHU DGVRUSWLRQ IURP WKH
PRPDJQLWXGH:KHQ VWXG\LQJ WKH PHWDO LRQ DGVRUS
WLRQ 3E,, =Q,, &G,, )H,,, $O,,,




IRU DOXPLQLXP,,, O  QP IRU ]LQF,,
O    QP IRU FDGPLXP,, O QP IRU
OHDG,, O QP IRU LURQ,,,
O    QP DQG IRU PRO\EGHQXP9,
O QP7KHHTXLOLEULXPFRQFHQWUDWLRQV
RI PHWDO LRQV ZHUH GHWHUPLQHG E\ VSHFWUR
SKRWRPHWU\ DFFRUGLQJ WR >@ 7KH HOHFWURQ
VSLQ UHVRQDQFH VSHFWUD RI FRSSHU,, FRP
SOH[HVZLWKERXQGK\GUR[\TXLQROLQHPROH
FXOHV ZHUH PHDVXUHG XVLQJ D 5p UD
GLRVSHFWURPHWHU 5XVVLD RSHUDWHG LQ WKH
FPZDYHOHQJWKUDQJH
7KH LQWHQVH DEVRUSWLRQ EDQGV RI VLOLFD
PDWUL[ DUH REVHUYHG LQ WKH ZDYHOHQJWK UH
JLRQOHVVWKDQFPÜ)LJ7KLVIDFW
KLQGHUVWKHDQDO\VLVRIWKHPRGLILHGVDPSOH
,5VSHFWUXP$W WKH VDPH WLPH WKH Ü
FPÜ UHJLRQ LV LQIRUPDWLYH HQRXJK WR
PDNH D FRQFOXVLRQ DERXW FKHPLFDO ELQGLQJ
RI K\GUR[\TXLQROLQHPROHFXOHV WR WKH VLO
LFD VXUIDFH &RPSDULQJ ,5VSHFWUD RI WKH
V\QWKHVL]HGDGVRUEHQWFXUYHDQGRIK\
GUR[\TXLQROLQH FXUYH  WKH SUHVHQFH RI
DEVRUSWLRQ EDQG DW  FPÜ VWUHWFKLQJ
YLEUDWLRQVRI&±1ERQGVZDVQRWHGLQERWK
FDVHV 7KHUH DUH DOVR EDQGV DW  FPÜ
)LJ)7,5VSHFWUDRI K\GUR[\TXLQROLQH 
DQGVLOLFDJHOZLWKFRYDOHQWO\ERXQGR[LQH













 DQG  FPÜ ZKLFK FRUUHVSRQG WR
VNHOHWDO YLEUDWLRQV RI DURPDWLF &±& ERQGV
DQG &±H±G JURXSV 7KH SUHVHQFH RI WKHVH
LQWHQVH EDQGV DIWHU ORQJWHUP ZDVKLQJ RI
WKHVDPSOHLQHWKDQROWHVWLILHVWKHFKHPLFDO
ELQGLQJ RI K\GUR[\TXLQROLQHPROHFXOHV WR
WKHVLOLFDVXUIDFH
7KHDGVRUSWLRQSURSHUWLHVRIWKHREWDLQHG
VLOLFD ZLWK LPPRELOL]HG K\GUR[\TXLQROLQH
ZHUHVWXGLHGLQLWLDOO\LQWKHVWDWLFPRGH7R
WKDW HQGJ RI WKH DGVRUEHQWSHUPO
RI PHWDO VROXWLRQ ZDV XVHG )RU WKHVH H[
SHULPHQWV ZH KDYH VHOHFWHG LRQV RI VRPH
PHWDOV EHORQJLQJ WR WKH VW WR[LFLW\ JURXS
QDPHO\ OHDG,, FDGPLXP,, ]LQF,, DQG
WR WKH QG WR[LFLW\ JURXS QDPHO\ DOX
PLQLXP,,,FRSSHU,,LURQ,,,DQGPRO\E
GHQXP9, ZKLFK IRUP VWDEOH FRPSOH[HV
ZLWKK\GUR[\TXLQROLQHLQVROXWLRQV
7DEOH SUHVHQWV WKH GDWD GHPRQVWUDWLQJ
WKHPHWDO LRQDGVRUSWLRQ OHYHO RI WKHPRGL
ILHG DGVRUEHQW GHSHQGLQJ RQ WKH PHGLXP
S+$FFRUGLQJ WRWKHVHUHVXOWV WKHV\QWKH
VL]HG VLOLFDZLWK LPPRELOL]HGK\GUR[\TXL
QROLQH FDQ EH LQIHUUHG WR H[WUDFW TXDQWLWD
WLYHO\3E,,)H,,,=Q,, LRQV WR DGVRUE
DOPRVWFRPSOHWHO\Ü&X,,0R9,
LRQV DQG WR VHSDUDWH RQO\ SDUWLDOO\ Ü
&G,,DQG$O,,, LRQVRXWRIQHXWUDO
DQG VOLJKWO\ EDVLF VROXWLRQV DW ¯s Ü
,Q WKH DFLGLF UHJLRQ DW ¯s Ü WKH DG
VRUEHQW H[WUDFWV TXDQWLWDWLYHO\ ]LQF,,
OHDG,, LURQ,,, LRQV DGVRUEV DOPRVW FRP
SOHWHO\ Ü  FRSSHU,, DOXPLQLXP,,,
DQG PROLEGHQXP9, LRQV DQG VHSDUDWHV SDU
WLDOO\FDGPLXP,,LRQV)LJ
'DWD SUHVHQWHG LQ 7DEOH FKDUDFWHUL]H
WKH DGVRUSWLRQ UDWH RI WKH WR[LFPHWDO LRQV
E\WKHV\QWKHVL]HGDGVRUEHQW$PRQJPHWDOV
RI WKH VW WR[LFLW\ JURXS WKHPRGLILHG VLO
LFDDGVRUEHQWGLVSOD\VWKHEHVWNLQHWLFFKDU
DFWHULVWLFV ZLWK UHVSHFW WR OHDG,, LRQV
ZKLFKZHUH IXOO\ H[WUDFWHG IRU PLQ )XOO
DGVRUSWLRQ RI ]LQF,, LRQV WDNHV SODFH RQO\
IRU  K 7KH GHJUHH RI&G,, LRQV DGVRUS
WLRQ GRHV QRW H[FHHG  HYHQ DIWHU FRQ
WDFW ZLWK WKH DGVRUEHQW IRU  K )LJ
$PRQJ PHWDOV RI WKH QG WR[LFLW\ JURXS
VLOLFD JHO ZLWK LPPRELOL]HG R[LQH H[KLELWV
WKHEHVWNLQHWLFFKDUDFWHULVWLFVZLWKUHVSHFW
WR LURQ,,, DQG FRSSHU,, LRQV 0D[LPXP
)LJ 'HSHQGHQFH RI H[WUDFWLRQ GHJUHH RI
3E =Q  DQG&G  LRQVE\VLOLFD
ZLWKFRYDOHQWO\ERXQGK\GUR[\TXLQROLQHRQ
DGVRUSWLRQWLPHDW¯s 
7DEOH'HSHQGHQFHRIDGVRUSWLRQ OHYHO RIVRPHPHWDOVRI ,DQG,,WR[LFLW\JURXSE\VLOLFD
JHO ZLWK FRYDOHQWO\ ERXQG K\GUR[\TXLQROLQH RQ WKH VROXWLRQ ¯s VWDWLF DGVRUSWLRQ PRGH
ZHLJKWHGVDPSOHJPHWDOFRQWHQWLQWKHVROXWLRQPJDGVRUSWLRQWLPHK
0HWDOLRQ ¯s  ¯s  ¯s  S+  ¯s  ¯s  ¯s 
=Q       
&G       
3E       
&X       
)H       
$O       
0R       
)LJ'HSHQGHQFH RI&G =Q  DQG
3E  LRQ DGVRUSWLRQ OHYHO E\ VLOLFD ZLWK




H[WUDFWLRQ RI PRO\EGHQXP9, DQG DOX
PLQLXP ,,, LRQV GRHV QRW H[FHHG  
HYHQ DIWHUSURORQJHG FRQWDFW WLPHZLWK WKH
DGVRUEHQW VXUIDFH 2Q WKH ZKROH WKHVH UH
VXOWVVXSSRUWWKHFRQFOXVLRQWKDWVLOLFDZLWK
FRYDOHQWO\ ERXQG K\GUR[\TXLQROLQH V\Q
WKHVL]HG E\ WKH VLQJOHVWDJH 0DQQLFK DPL
QRPHWK\ODWLRQUHDFWLRQLVFKDUDFWHUL]HGE\D
VDWLVIDFWRU\ DGVRUSWLRQ UDWH RI WR[LF PHWDO
LRQVDQGFDQEHXVHGWRH[WUDFWWKHUHRIRXW
RI DTXHRXV VROXWLRQV ERWK LQ WKH VWDWLF DQG
G\QDPLFPRGHV
7R GHWHUPLQH WKHPD[LPXP VRUSWLRQ FD
SDFLW\ H[SHULPHQWV ZHUH FDUULHG RXW ZLWK
VROXWLRQV FRQWDLQLQJ D ODUJH DPRXQW RI
PHWDOLRQVÜPPROSHUJRIDGVRUEHQW
7KH UHVXOWV REWDLQHG WHVWLI\ WKDW VLOLFD JHO
ZLWK LPPRELOL]HG K\GUR[\TXLQROLQH V\Q
WKHVL]HG E\ WKH VLQJOHVWDJH 0DQQLFK UHDF
WLRQ SRVVHVVHV VLJQLILFDQWO\ KLJKHU VRUSWLRQ
FDSDFLW\ ZLWK UHVSHFW WR WR[LF PHWDO LRQV
! PPROJ DV FRPSDUHG WR WKDW IRU WKH
FKHPLFDOO\PRGLILHG VLOLFDV SUHSDUHG E\ DS
SURSULDWH PXOWLVWDJH SURFHGXUH >@ 7KXV
WKHSURSRVHGV\QWKHVLVPHWKRGRIDOORZVRQH
WR REWDLQ VLOLFD ZLWK VXIILFLHQWO\ KLJK FRQ




$FFRUGLQJ WR (65 DQG ,5VSHFWURVFRS\




IDFH ,Q SDUWLFXODU LQ WKH ,5VSHFWUD RI RI
]LQF,, DOXPLQLXP,,, FRSSHU,, DQGPR
O\EGHQXP9, FRPSOH[HV ZLWK ERXQG K\
GUR[\TXLQROLQH D VKLIW RI WKH DEVRUSWLRQ
EDQG DW  FPÜ LQ WKH VSHFWUXP RI




PDWLRQ RI WKH DGVRUSWLRQ FRPSOH[HV 7KH
IUHTXHQF\ VKLIW E\ DERXW  FPÜ RI DE








LQJ WR FDOFXODWLRQV EDVHG RQ WKHVH VSHFWUD
WKH SULQFLSDO YDOXHV RI WKH J__IDFWRU LV DQG JA  WKH K\SHUILQH FRXSOLQJ FRQVWDQW $ ÜFPÜ 7KLV DO
ORZVRQHWRDVVXPHWKHQHDUHVWFRRUGLQDWLRQ
VXUURXQGLQJ RI &X LRQV LQ WKH VXUIDFH
FRPSOH[0RVWSUREDEO\>H@ DQG>1@GLV
)LJ (65 VSHFWUD RI FRPSOH[HV RI FRS
SHU,, LRQV ZLWK K\GUR[\TXLQROLQH FRYD
OHQWO\ERXQGZLWKWKHVLOLFDVXUIDFH




PLQ PLQ PLQ PLQ K
=Q     
&G     
3E     
&X     
)H     
$O    







ULDO SRVLWLRQ DQG WZR H DWRPV LQ WKH D[LDO
SRVLWLRQ>@
7R FRQFOXGH VLOLFD JHO ZLWK FRYDOHQWO\
ERXQGK\GUR[\TXLQROLQH REWDLQHGE\ WKH
VLQJOHVWDJH 0DQQLFK UHDFWLRQ TXDQWLWD
WLYHO\H[WUDFWV LRQVRIWR[LFPHWDOV VXFKDV
OHDG ,, ]LQF,, DOXPLQLXP,,, FRSSHU,,
LURQ,,, DQG PRO\EGHQXP9, LQ WKH VWDWLF





WKH G\QDPLF DGVRUSWLRQ PRGH 8QOLNH DQDOR
JRXV FKHPLFDOO\ PRGLILHG VLOLFDV REWDLQHG LQ
PXOWLVWDJHSURFHVVWKHV\QWKHVL]HGDGVRUEHQW
KDV D VLJQLILFDQWO\ KLJKHU VRUSWLRQ FDSDFLW\








WKURXJK QLWURJHQ DWRPV DV ZHOO DV XQGHU LQ
YROYHPHQW RI K\GUR[\OLF R[\JHQDWRPVRI WKH
LPPRELOL]HGK\GUR[\TXLQROLQHPROHFXOHV
$FNQRZOHGJHPHQW 7KLV ZRUN ZDV VXS
SRUWHGLQSDUWE\)RXQGDWLRQRI)XQGDPHQ
WDO5HVHDUFK RI WKH0LQLVWU\ IRU(GXFDWLRQ












 996NRSHQNR 91=DLWVHY <9.KROLQ
kk%XJDHYVNLL =K1HRUJ.KLP  

 -0sLOO-&KURPDWRJU
 -09D] /5'3LWRPER4XLPLFD1RYD 

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